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Experimental study of the time-resolved reflectivity of
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The transient time-resolved reflectivity of chromium film is studied by femtosecond pump-probe technique
with a 70-fs laser. Experimental results show that the reflectivity change increases with the power of
the pump laser. The fast decrease of the reflectivity occurs between 0—200 fs which is mainly due to
the electron-electron interaction. Subsequencely, the slower recovery of the reflectivity between 200—900
fs is mainly due to the electron-phonon coupling process. The reflectivity after 900 fs rises little to a
near-constant value for the thermal equilibrium of the system. The experimental results can be explained
properly with numerical simulation of the two-temperature model. It is helpful for understanding of the

electron ultrafast dynamics in chromium film.
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doi: 10.3788/COL20090707.0653.

The femtosecond laser has been widely used in study
of ultrafast dynamic process!! ~?. Because the pulse of
femtosecond laser is shorter than the time scale of elec-
tron and phonon relaxation process in metals, a variety
of femtosecond time-resolved measurement techniques
were put forward for investigation of transient relax-
ation of hot electrons in metal film, such as optical
pump-probe spectroscopy techniquel®, pump-probe high
energy electron diffraction®, time-resolved linear and
second-harmonic reflectivity measurements!”, and fem-
tosecond transient thermoreflectivity and transmissivity
measurement techniquel8—12.

The electron transient relaxation process in no-
ble metals with the relatively weak electron-phonon
interaction was studied by time-resolved reflectivity
technique>'12]. The study of the transition metal
(chromium) is interesting for the chromium has a
strong electron-phonon coupling constant. Experiments
about the interaction between the femtosecond laser
and the chromium film was studied with double-pulse
method34! where the laser power was above the
laser damage threshold of the chromium film. A re-
versible dark-center diffraction of the chromium film
was observed in the femtosecond pump-probe experi-
ment, where the optical reflectivity of the pump area
through chromium film was detected by using charge-
coupled device (CCD)['®). Electron excitation and relax-
ation in chromium were probed with the 20-fs laser[16].
However, the ultrafast electron dynamic process and the
band structure of the chromium film were complex. The
chromium film used in Ref. [16] is different from the
chromium film on the mask in microelectronic industry.
It is necessary to study the ultrafast electron dynamics
of the chromium mask used in microelectronic industry.

In this letter, we report the experimental results of the
femtosecond time-resolved reflectivity of chromium film
using the femtosecond pump-probe technique for three
different pump powers. Experimental results show that
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the reflectivity change increases with the power of the
pump laser. Numerical solutions of the two-temperature
model (TTM) are compared with experimental results.

The experimental setup is shown in Fig. 1. A commer-
cial 76-MHz Ti:sapphire laser oscillator (Coherent) was
used in this experiments. The femtosecond pulse dura-
tion was 70 fs of full-width at half-maximum (FWHM).
The average power and the center wavelength of the
femtosecond laser were 550 mW and 800 nm, respec-
tively. The pulses were measured by a home-made
Dammann frequency-resolved optical grating (FROG)
setup!”.  The femtosecond laser was divided into a
probe beam and a pump beam. The delay time was
controlled by the delay line. The polarization states
of the probe beam and the pump beam were adjusted
perpendicular to each other by a 1/2 wave plate for de-
creasing the coherent coupling effect. The ratio between
the pump and probe beams was kept 100:1 by adjusting
the attenuators. The optical spot radius of the pump and
probe beams were 15 and 10 pum, respectively. In order
to increase the accuracy of the experimental data, the
probe beam was adjusted near the center of the pump
beam. The samples were chromium films with a thick-
ness of 145 nm on glass substrate. The analyzer was put
in front of the detector to suppress the stray ray from
the pump beam. In order to improve the signal-to-noise
ratio (SNR), the pump beam was chopped at 1 kHz by
a chopper. The reflectivity signal of the probe beam
was monitered by a digital signal processing (DSP) lock-
in amplifier (Stanford Research Systems, SR830). The
lock-in amplifier was connected to a computer by a data
acquisition card. Pump-probe technique was used to
measure the time-resolved reflectivity. The time interval
and total acquisition time of each data acquisition were
1 ms and 2 s, respectively. So each experimental data
point in Fig. 2 is an average value of 2000 data.

The experiments were carried out under at-
mospheric pressure. The chromium film were
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Al HWP L1

Fig. 1. Experimental setup for measurement of the fem-
tosecond time-resolved reflectivity. The parameters of the
femtosecond laser are 8 nJ/pulse, 800 nm, 76 MHz, and 70 fs.
BS: beam splitter; D1—D4: delay lines; M1, M2: mirrors; Al,
A2: attenuators; HWP: 1/2 wave plate; L1, L2: convergent
lenses; S: chromium film; P: plorization plate; D: detector;
SR830: lock-in amplifier.
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Fig. 2. Experimental results of time-resolved relative reflec-
tivity for three different pump powers.

cleaned with acetone and ethanol under illumination of
yellow light. The temperature of this experiment was
around 300 K. The fluctuation of the femtosecond laser
was about 1%. Figure 2 shows the experimental results
of relative reflectivity changes as a function of delay time
for three different pump powers of 60, 90, and 120 mW,
respectively.

As shown in Fig. 2, the amount of reflectivity change
increases with the power of the pump laser. The largest
reflectivity change for 120 mW is observed among the
three different pump powers. The transient relative re-
flectivity change might be due to the redistribution of
unoccupied electronic states near the Fermi energy level
for chromium®!!. The decrease in reflectivity results
from the fact that more electrons absorb the probe beam.
Since the electron temperature increases with the power
of the pump beam and more movement of excited elec-
trons appears for the larger pump power, the reflectivity
change increases with the pump power.

Figure 2 also shows that the reflectivity change pro-
cess consists of three different time stages. Firstly, the
transient relative reflectivity decreases rapidly for the de-
lay time up to 200 fs and reaches the minimum point at
around 200 fs. Secondly, the increasing reflectivity occurs
for the delay time of 200—900 fs. Thirdly, the reflectivity
after delay time of 900 fs rises little to near a constant.
Two major processes of electron-electron collision and
scattering process and electron-phonon coupling process
occur in the interaction between the femtosecond laser
and the chromium film. Supposing that the electron and
phonon systems are regarded as two thermal subsystems,
the reflectivity change process might be explained by the
TTM.

When the chromium film is irradiated by the fem-
tosecond laser, the pump laser pulse delivers energy
to the electrons which thermalize rapidly via electron-
electron collision and scattering. Thermal turbulence of
the chromium film is induced by the pump beam. Be-
cause the femtosecond laser pulse is shorter than the
electron-phonon coupling time, this experiment can re-
solve the nonequilibrium electron-phonon temperature
difference. The electrons can be heated up to a high tem-
perature at first, and then cool down by electron-phonon
coupling process. The space and time evolution of the
electron temperatures T, and lattice temperatures 77 can
be modeled by a pair of coupled nonlinear differential
equations[w} ,

Ce(Te)aaj;e = KVQTe - G(Te - rfl) + P(Z,t), (1)
o
CIE - G(Te Tl)v (2)

where the energy source term P(z,t) can be described
by [19]

P(z,t) = 0.941t_

R z t
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where R = 0.25 is the reflectivity of chromium film, ¢,
is the FWHM of the femtosecond laser, u is the pene-
tration depth, S represents the incident energy, z is the
depth coordinate of chromium film, C} and C, are the
lattice and electron heat capacities, respectively, K is
the thermal conductivity of the electrons, G' denotes the
electron-phonon coupling constant.

The temperature change process of the electron and
phonon can be described by numerical simulation with
Egs. (1)—(3). Using chromium film as an example,
the electronic heat capacity is proportional to its tem-
perature Co = 77T, v = 194 J/(m3-K?), C} = 3.6x10°
J/(m3.K), with the electron-phonon coupling constant G
= 4.2x10'" W/(m3K). Because the pulse width of the
femtosecond laser is shorter than the conduction process
of the electron, the term KV2T can be neglected!?%].

Numerical simulations of the changes of electron tem-
perature and phonon temperature versus time delay be-
tween the probe and the pump beams are shown in
Figs. 3 and 4, respectively. Because the heat capacity
of the electrons is small, the electron temperature in-
creases rapidly and reaches the maximum value after the
chromium film is irradiated by the pump beam. Figure
3 shows that the rising time of the electron temperature
is about 100—200 fs. The electron-electron collision and
scattering process plays a key role in the process of the
rising electron temperature. The sharp rising stage of
the electron temperature could result in the decrease of
reflectivity in Fig. 2. Then the electron temperature
drops slowly through electron-phonon coupling process,
as shown in Fig. 4. Correspondingly, the reflectivity
increases slowly after the electron-phonon interaction,
as shown in Fig. 2. So the process of the increment in
reflectivity can be explained with the electron-phonon
coupling process.
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Fig. 3. Electron temperature evolution for three different
pump powers.
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Fig. 4. Phonon temperature evolution for three different
pump powers.

The fast decrease of the reflectivity is about 0—200
fs and the slower recovery of the reflectivity is in the
200—900 fs time range. In comparison, we find that the
fast decrease of the reflectivity is about 0—100 fs and the
slower recovery of the reflectivity is in the 100—600 fs
time range in Ref. [16]. We note that the reflection
and transmission coefficients of sample are R = 0.46
and T = 0.16 in Ref. [16]. However, the reflection and
transmission coefficients of chromium film are R = 0.25
and T' = 0.12 in our experiment. These different values
might be due to the different thicknesses and densities of
chromium films on the glass substrate which were made
with different production technologies. These different
values of R and T play an important role in the measure-
ment of the relative reflectivity change. The reflectivity
rises little after the delay time of about 900 fs for reach-
ing the thermal equilibrium between electron and phonon
temperature. In this experimental setup, the slight align-
ment error of the delay line might be the reason for the
small fluctuation after 900 fs. The optical spot of the
probe beam might slightly fluctuate around the center of
the optical spot of the pump beam in the moving process
of delay line. The slight change of the relative position
affects directly the experimental results.

We also note that the reflectivity changes are different
for three different pump powers after the delay time of
900 fs for reaching the thermal equilibrium. This phe-
nomenon can be attributed to different equilibrium tem-
peratures in Fig. 4. We conclude that the relative time-
resolved reflectivity can be explained with the interaction
between the electrons and phonons. Considering that the
chromium mask is widely used in microelectronic indus-
try, this result might be helpful for further study of ultra-
fast electron dynamics of chromium mask in micro- and
nano-scale.

In summary, the transient time-resolved reflectivity of
the chromium film is investigated by femtosecond time-
resolved pump-probe technique. Experiments are per-
formed for three different pump powers. Experimental
results show that the reflectivity change increases with
the power of the pump laser. The ultrafast dynamics of
electrons are influenced by the electron-electron collision
and the electron-phonon coupling interaction. The sharp
decrease of the reflectivity is mainly due to the electron-
electron interaction in the 0—200 fs time range. Sub-
sequencely, the electron-phonon coupling process plays
an important role in the recovery of reflectivity in the
200—900 fs time range. The reflectivity comes to a near-
constant value after 900 fs, indicating that a thermal
equilibrium is reached. Comparison of the experimental
results with numerical simulation of the TTM is given.
The experimental results can be explained properly. It
is helpful for understanding of the electron ultrafast dy-
namics in chromium films.
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